The ow of a constant property uid through a sinusoidal groove has been analyzed. A numerical solution of the conservation of mass and momentum equations for fully developed ow is presented. The mean velocity, volumetric ow rate and Poiseuille numberare presented as functions of the groove geometry, meniscus contact angle and shear stress at the liquid-vapor interface. In addition, a semi-analytical solution for the normalized mean velocity in terms of the normalized shear stress at the meniscus is shown to agree with the numerical data quite well. 
Isotropic materials such as quartz glass or borosilicate glass can be chemically etched to form micro-grooves for the enhancement of evaporative heat transfer in chip-level devices 1 . A typical etched pro le in glass is shown in Fig. 1 , where the pro le is smooth instead of having sharp corners seen in the etching of crystalline materials such as silicon 2 . While many studies have been performed on sharp-cornered geometries triangular grooves 3 7 , rectangular grooves 8 10 , and trapezoidal grooves 11 , very little information is available in the open literature on the ow of liquid in rounded-corner geometries. Stroes and Catton 12 compared the capillary performance of triangular and sinusoidal grooves by means of an experimental study. Two sets of grooves were machined into stainless steel test plates such that the cross-sectional areas of the grooves were equal. Strip heaters were placed under the plates to provide heat input. The test plates were placed at inclination angles of 4 and 6 and ethanol was added to the grooves until the liquid reached the lands of the grooves. The average wetted length of each set of grooves was recorded as the heat input was varied from 0 to 25 W. The study showed that the triangular grooves had a greater capillary pumping ability compared to the sinusoidal grooves with the same cross-sectional area, inclination angle, and heat input. Stroes and Catton postulated that this was due to the axial rate of change of the radius of curvature of the meniscus. Sinusoidal grooves, however, could dissipate a given heat input with a smaller wetted area than triangular grooves due to the larger wetted perimeter found with sinusoidal grooves.
The objective of the present study was to examine the fully-developed laminar ow of liquid in sinusoidal grooves. The e ects of countercurrent and cocurrent v apor ow over the liquid-vapor interface were investigated by relating the liquid velocity gradient to the friction factor of the vapor. The variation of the shear stress on the liquid-vapor interface 10 w as neglected, and the liquid-vapor interface was assumed to be circular Bo 1. The mean velocity, volumetric ow rate and Poiseuille number were determined as functions of the interfacial shear stress, the meniscus contact angle, the groove aspect ratio and the amount that the groove was lled. The maximum value for the meniscus contact angle for a wetting uid can be determined for a given geometry by allowing the radius of curvature to approach R ! 1 . The dimensional shear stress at the liquid-vapor interface can be cast in terms of the friction factor of the vapor. The elliptic Poisson equation given by eqn. 1 with mixed boundary conditions eqns. 2, 3 and 7 was solved using Gauss-Seidel iteration with a central di erencing scheme and successive over-relaxation 14 . The convergence criteria for the iterative solution was set to = 1 0 ,10 for each case. A grid independence check was made in which the numberof grids in each direction was doubled. When the value for the Poiseuille numberdid not change by more than 1, grid independence was considered to bereached. The convergence criteria was then reduced by an order of magnitude while maintaining the highest numberof grids. If the Poiseuille number did not change by more than 1, the solution was considered to beindependent of both grid size and . Otherwise, a grid independence check was made at the smaller value of until a converged solution was reached. The integral equation for the wetted perimeter eqn. 12 was integrated numerically since no closed-form solution exists.
The numerical model was tested against an existing solution in the archival literature. Shah 15 determined the friction factors for the laminar ow within ducts of various cross sections using a least-squares-matching technique. Table 1 shows the comparison of the Poiseuille numberbetween the present solution and that given by Shah 15 for laminar ow in a family of sinusoidal ducts. The agreement is excellent, with a maximum di erence of 1.1.
Results and Discussion
A numerical study has been completed in which the ow of liquid in a sinusoidal groove has been solved. Figure 3 presents contour plots of the dimensionless liquid velocity. The maximum liquid velocity increases with cocurrent shear, and decreases with countercurrent shear, as expected. For countercurrent vapor ow, a portion of the liquid ows in the ,y direction, which is opposite to the direction of the pressure gradient. This ow reversal shows the potential of the vapor shear to drive the mean velocity of the liquid to zero, or to completely reverse the ow, depending on the magnitude of the pressure gradient. Figure 4 and Table 2 show the mean velocity, volumetric ow rate and Poiseuille number versus shear stress at the liquid-vapor interface for several values of the meniscus contact angle. The mean velocity increases with both due to the mean velocity approaching zero. In general, Po increases with due to the increase in the hydraulic diameter of the liquid. Figure 5 and Table 3 For Poiseuille ow in ducts of arbitrary cross section, and combined Couette-Poiseuille ow b e t ween at plates, the shear stress at the wall is related to the mean velocity o f the uid by a constant White, 1991 . Therefore, in the present analysis, it is assumed that this also holds for the ow of liquid in a sinusoidal groove with an imposed shear stress at the liquid-vapor interface. 
